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Massive  proteinuria  is  one  of the  major manifestations of the  nephrotic 
syndrome and results in hypoproteinemia, decreased colloid osmotic pressure, 
and edema. In spite of considerable investigation, the mechanism of protein- 
uria in the nephrotic syndrome remains poorly understood. 
The  available  evidence  suggests  that  increased  glomerular  permeability 
rather than tubular secretion or dimlnlghed tubular reabsorption is the cause 
of protein loss (1-3), but the ultrastructural and biochemical bases for glomeru- 
lax leakage have not been clearly identified. Studies employing ferritin as an 
electron microscope tracer (4, 5) have suggested that the glomerular basement 
membrane is the normal filtration barrier to this large protein, and that in- 
creased  basement  membrane  permeability  can  account  for  proteinuria  in 
experimental  aminonucleoside nephrosis.  In  the  ferritin  studies  only small 
amounts of tracer escaped into the urinary space; thus the mechanism of pro- 
rein  transfer  across  the  glomerular  epithelium  was  not  clarified.  It  is  the 
glomerular  epithelium  that  undergoes  the  most  significant  fine  structural 
changes in human lipoid and experimental aminonudeoside nephrosis. 
The  availability  of  sensitive  ultrahistochemical  methods  for  locafization 
of enzyme tracers  of different molecular weights  (6--8) has prompted us to 
reexamine the ultrastructural events in the nephrotic syndrome with the use 
of such tracers.  In the present paper we report  on the localization of horse- 
radish peroxidase, a relatively small molecular weight protein (mol wt 40,000) 
which passes freely across the basement membrane (7)  and thus can be used 
to study the mode of transepithelial passage of leaking proteins. 
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Materials and Methods 
Male white rats, weighing  100-200 g, of the Wistar/Furth strain (Microbiological Asso- 
dates, Bethesda, Md.), were used throughout the experiment. They were maintained os a 
Purina chow diet and water ad libitum. 
Rats were made nephrotic by 9-10 daily subcutaneous injections of the aminonucleoside of 
puromycin given as a 0.5% solution in water, 1.67 rag/100 g body weight (5). 24 hr urinary 
collections were estimated for protein by the quantitative sulfosalicylie acid method (9). 
Control and nephrotic rats were injected in the tail vein with horseradish peroxidase, type 
II (Sigma Chemical Co., St. Louis, MoO, in doses of 10 rag/100 g body weight, dissolved in 
0.5 ml of 0.85%  saline. In some experiments doses of 5, 20, and 40 rag/100 g body weight of 
peroxidase were employed. 
Kidneys  were removed with animals under ether anesthesia 1, 5,15, 30, and 60 rain and 20 hr 
aSter injection of the tracer. Thin slices of kidney cortex were fixed for 3 hr in a solution of 
2.0% formaldehyde and 2.5% glutaraldehyde in 0.1 ~r cacodylate buffer  (pH 7.4) at room 
temperature (10), and washed overnight in 0.1 ~t cacodylate buffer at 4°C. Sections 40-50 t~ 
thick were cut from fixed, washed tissue either on a Spencer COrcooled freezing microtome or 
on a Smith-Farquhar  TC 2 tissue chopper (Ivan Sorvall, Inc., Norwalk, Conn.)  Sections were 
collected in 0.05 ~r Tris-HC1 buffer, pH 7.6, and transferred to a medium containing 5 mg of 
3,3'-diaminobenzidine tetrahydrochloride (DAB),  10 mi Tris-HC1 buffer, and 0.1 ml of 1% 
HsOs, as described by Graham and Karnovsky (6). 30-40 rain later, sections were washed 
three times in distilled water, postfixed for 90 min in 1.3% osmium tetroxide in s-collidine 
buffer at 4°C, dehydrated in akohol, and embedded in Epon. Thick and thin sections were cut 
on an LKB microtome with glass or diamond knives and viewed, either unstained or lightly 
stained with lead citrate, in a Phllips 200 electron microscope. Frozen sections 4 t~ thick were 
also cut in a cryostat, reacted for peroxidase, and mounted in 50% polyvinylpyrrolidone  for 
light microscopy. 
In addition, specimens of kidney tissue from normal and nephrotic rats not injected with 
peroxidase were fixed as before and processed for dectron microscopy without performing the 
peroxidase reaction. 
Controls for peroxidaze activity  consisted of sections incubated in DAB-Tris medium with- 
out hydrogen peroxide  and of sections of kidney from  noninjected animals reacted in the 
complete medium. 
RESULTS 
General.wAll  rats  that  had  received  daily  injections  of  aminonucleoside 
developed significant proteinuria (124-324 mg protein/24 hr; controls, 3-14 rag/ 
24 hr), and had gross edema and ascites at the time of sacrifice. Their kidneys 
were large and pale. 
Neither  control nor nephrotic rats developed any gross reaction to the in- 
jection of peroxidase.  Specifically, signs of histamine  release,  such  as edema 
of paws and ears,  were  absent; these occur in Holtzman rats but not  in  the 
Wistar/Furth strain used in this study (11). 
Electron ML-'roscopy.--The  fine  structural  changes  in  the  glomeruli  of ne- 
phrotic rats were  essentially similar to  those  reported previously (5,  12,  13) 
and will be only briefly described. The glomerular basement membrane either 
was normal or showed inconsistent loci of apparent rarefaction of the lamina 
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thelial foot processes (Fig.  1); although some slit pores, inducting  diaphragms, 
persisted, most of the epithelial  surface of the basement membrane was covered 
by epithelial  cell  cytoplasm. At the sites of previous slit pores, segments of 
epithelial  cytoplasm exhibited approximation  of contiguous cell membranes. 
Although such sites were not examined in detail at high magnification,  some 
appeared to be "tight junctions" similar to those described by Farquhar and 
Palade (5), while others showed a narrow intercellular space. They will hence- 
forth be designated close junctions. 
Epithelial cells contained large numbers of vesicles and vacuoles. The latter 
were heterogeneous in shape and varied considerably in size, measuring up to 
6/~ in diameter. In any given plane of section, such vacuoles appeared to be 
intracytoplasmic (Figs.  1, 2, and 5). However, examination of seriated sections 
dearly showed that  some such  vacuoles were pockets which  communicated 
with  the  extracellular  space overlying the  basement membrane  on one side 
(Figs.  2-4 and 5-7) and with the urinary space on the other side of the cell 
(Figs.  8 and 9). Some vacuoles communicated with each other in the form of a 
labyrinthine  network  of spaces.  No  instances  of through-and-through  com- 
munication of vacuoles from the basal to the urinary surface were encountered. 
In addition, many vacuoles remained intracytoplasmic throughout.  Occasion- 
ally,  a  close  junction  appeared  to  be interposed  between the  large  pockets 
and the basal surface of the epithelial  cells. Rarely, smaller pockets were also 
separated  from the urinary  surface of the  cell  by such  junctions  (Fig.  11). 
Endothelial cells either were normal or showed decreased numbers of fenestrae. 
Localimtion  o]  Peroxid~e  in  Normal  Rats.--Normal  rat  glomeruli  were 
freely permeable to peroxidase, as reported previously in mice (7),  since  the 
enzyme could be seen in the lumina of renal tubules as early as 1 rain after 
injection of the tracer. From 1 to 15 min after injection, peroxidase was seen 
as a homogeneous, sometimes dumpy reaction product in the lumina of glo- 
merular capillaries,  in endothelial fenestrae, within the whole thickness of the 
basement membrane, in  epithelial  slits,  and  along  the  surfaces of epithelial 
ceils (Fig.  10). The urinary spaces occasionally showed dumps of peroxidase, 
but usually the enzyme had been washed out during  processing.  At 60 rain 
there was a  decrease in the staining  of capillary lumina,  but the glomerular 
basement membrane was still stained; at this time there were rare, peroxidase- 
containing  vesides and vacuoles in the glomerular  epithelium  and mesangial 
cells, while large numbers of absorption droplets (6) were seen in tubular epi- 
thelial cells. No peroxidase could be seen in normal glomeruli 20 hr after injec- 
tion of the tracer;  only tubular epithelial ceils retained stainable amounts of 
enzyme at this time. 
Localization of Peroxidase in Nepkrolie Rats.--As in control rats, peroxidase 
permeated  the  endothelial  fenestrae  and  basement  membrane  and  gained 384  GLOMERULAR  PERMEABILITY 
access to  the  urinary  space  1 rain  after injection.  The  close junctions  that 
replaced epithelial  slits often showed staining across their entire lengths (Figs. 
13 and  14). However, there were several instances in which one or more loci 
along these lengths appeared not to contain reaction product (Fig. 12). 
1 rain after injection of the tracer, intracytoplasmic vacuoles and extracellu- 
lar  pockets  contained  dumps  of  reaction  product  which  were  interspersed 
with clear spaces or gray amorphous material. Serial sections of tissues reacted 
for peroxidase showed that many of these vacuoles were in fact cytoplasmic 
pockets overlying the  basement membrane  (Figs.  15  and  16),  across which 
peroxidase had  diffused.  Serial  sections also revealed  that  some peroxidase- 
containing vacuoles were often continuous with the urinary space as early as 1 
rain after injection (Figs.  8, 9, and 14). 
Small vesicles (4-500 A) along the basal and urinary surfaces of the epithelium 
sometimes contained peroxidase,  but these were infrequent and were seen 15 
rain, but not 1 rain, after injection of the tracer. Such vesicles were always seen 
in association with larger,  peroxidase-containing vacuoles (Figs.  16 and 17). 
30 and 60 rain  after injection,  the number of peroxidase-positive vacuoles 
in the cytoplasm appeared to be less than at 1-15 rain. At 1 hr after injection, 
many  of  the  peroxidase-containlng  vacuoles  appeared  smaller  and  more 
"condensed," i.e. with no a&ni×ture of clear or gray amorphous mateiial (Fig. 
18).  20 hr  after injection,  only an occasional  peroxidase-positive dense body 
could still be seen. 
The  mesangial  matrix  was  often permeated  with  peroxidase  in  nephrotic 
rats, and mesangial cells contained considerable numbers of peroxidase droplets. 
DISCUSSION 
Puromycin aminonudeoside induces in rats a characteristic renal syndrome 
that  resembles  human  lipoid  nephrosis  in many respects  (14,  15):  clinically 
there  are  massive proteinuda,  edema,  and  hypercholesterolemia,  and  ultra- 
structurally the glomeruli show alterations in the epithelial cells, with relatively 
normal basement membranes  (5). Although the mechanism by which amino- 
nudeoside  induces  this  effect is  still  unknown,  the  experimental  model has 
been used extensively to study a variety of biochemical,  immunological,  and 
morphological events in the nephrotic syndrome. 
Using ferritin (tool wt 4-500,000)  as a tracer, Farquhar,  Wissig, and Palade 
(4) found that the glomerular basement membrane in normal rats acted as a 
barrier  to  the  passage  of this  protein  into  the  urinary  space.  In  nephrotic 
rats, however, large numbers of ferritin particles crossed  the basement mem- 
brane and were eventually taken up by epithelial  cells (5). These findings were 
interpreted to indicate that increased permeability of the glomerular basement 
membrane was the cause of proteinuria  (5).  The epithelial  changes were re- 
garded  as compensatory, helping  to conserve the amount  of protein  leaking 
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slits  prevented  the  diffusion  of  ferritin,  and  the  various  ferritin-containing 
vacuoles  in  epithelial  cells  were  reabsorption  droplets  derived  from  protein 
that had leaked across the basement membrane. Relatively little ferritin ap- 
peared in the urinary space;  thus the manner by  which proteins were trans- 
ferred across glomerular epithelium was not clarified. 
Horseradish  peroxidase  has  a  molecular  weight  of  40,000,  considerably 
lower than that of ferritin. Graham and Karnovsky showed that the glomerular 
basement membrane is freely permeable to peroxidase in normal mice (7), and 
our experiments in rats confirm these observations. Studies with myeloperoxi- 
dase  (mol wt  160,000)  suggest a  permeability barrier for this protein at  the 
level of the epithelial slits (7). 
In both control and nephrotic rats,  peroxidase was seen in tubular lumina 
as  early as  1 min  after injection.  Thus  any increase  in  permeability of the 
basement membrane per se in nephrotics could not have been detected in our 
experiments. In control animals, peroxidase gained access to the urinary space 
across the slits between epithelial foot processes. Since such slits were virtually 
obliterated in nephrotics, the studies with peroxidase were particularly useful 
in clarifying the route of transepithelial transfer of this tracer. In this context 
our  findings  could  be  summarized  as  foltows.  The  epithelial  cells  exhibited 
large numbers of vacuoles, some of which could be shown on serial sectioning 
to be extracellular pockets that were continuous with the basement membrane 
on one side, and some with  the urinary space on the other. Very early after 
injection,  peroxidase filled not  only the  basal  pockets  and  intracytoplasmic 
vacuoles, but also the vacuoles that opened into the urinary space. It is con- 
ceivable that filling of vacuoles on the urinary side of the cell might have been 
due to absorption of peroxidase that had leaked across intercellular spaces or 
persistent slits.  However, the extremely early appearance  (i.e.  within  1 min) 
of tracer within  such  vacuoles, as well as  the  electron micrographic images, 
strongly suggests that the system of vacuoles formed pathways across which 
protein was  transferred. Thus,  vacuoles which  might  begin  as  invaginations 
over gaps on the basal  side and appear intracytoplasmic in random sections 
might  subsequently  or  concurrently open  into  the  urinary  space.  It  is  also 
possible that the totally intracytoplasmic vacuoles might begin as basal pockets, 
later become intracytoplasmic, and  subsequently discharge their contents into 
the urinary space. Further support for the above mechanism of transport comes 
from the observation that 30-60 min after injection, the number of peroxidase- 
containing vacuoles in  the  glomeruli did  not  increase  and  in  fact  appeared 
diminished compared to 1-15 rain after injection. This finding can be explained 
either by inactivation of peroxidase by epithelial cells or by the discharge of 
enzyme into the urinary space. The former explanation seems unlikely, since 
there was no concomitant decrease  in  the  number  of peroxidase-positive ab- 
sorption droplets in the tubular epithelial cells. 
Farquhar  and  Palade  (5)  observed  ferritin  particles  within  vesicles  and 386  GLOME RULAR PERMEABILITY 
vacuoles as well as basal  pockets and  recesses. Late after injection of tracer 
(24 hr), epithelial cells contained many vacuoles densely packed with ferritin. 
They interpreted  these images  as  representing absorption  of leaking protein 
and  an attempt of epithelial cells  to  "monitor" such protein leakage.  In the 
present study, smaller absorption vesicles were occasionally filled with enzyme, 
and condensed epithelial vacuoles were present  1-20 hr after injection. These 
findings may indeed represent protein absorption and a conserving mechanism, 
but in the case of peroxidase it does not seem to be prominent. The size of the 
tracer as well as the dose injected may well determine the degree of absorption; 
however, technical considerations would  not permit a  reasonable comparison 
between the dose of ferritin used by Farquhar and Palade and that of peroxi- 
dase  used  here.  OI~  balance,  the  evidence does  suggest  that  the vacuoles in 
epithelial  cells  of  animals  with  nephrosis  may  be  both  absorption  droplets 
designed to conserve protein as well as components of a system across which 
proteins are transferred into the urinary space. At present, the exact structural 
relationships between these two functional types of vacuoles are unknown. 
In our experiments, many of the close junctions between epithelial cells ap- 
peared to be permeable to peroxidase. Such junctions impede the passage  of 
ferritin (5). Studies using beef liver catalase as a tracer (8), to be reported in 
detail separately (16), I support the findings with ferritin, but also emphasize 
the importance of the transepithelial route suggested by the peroxidase experi- 
ments. This enzyme, which has a molecular weight of 240,000,  does not seem 
to permeate most close junctions, but readily fills the epithelial vacuoles and 
gains  access  to  the  urinary  space  and  tubular  lumina.  Taken  together,  the 
findings  with  peroxidase,  catalase,  and  ferritin would  suggest  that  the  close 
junctions are heterogeneous with respect to their permeability and effectively 
restrict only relatively large molecular weight proteins. 
It  seems  prudent  to reemphasize that  our studies  with  peroxidase do not 
shed light on alterations in the permeability of the basement membrane proper. 
Rather, they offer a mechanism by which proteins that have diffused across the 
basement membrane can reach the urinary space. Indeed, since the extracellu- 
lar communications of the vacuoles are wide enough to allow the passage  of 
even  large  proteins,  the  vacuolar  pathway  suggested  here  cannot  in  itself 
account for the apparent molecular sieving that occurs in pure nephrosis (1, 3). 
A possible, although admittedly highly speculative explanation which would 
be consistent with the ferritin (4, 5), myeloperoxidase (7), and peroxidase data 
and still account for molecular sieving is the following. Under normal conditions 
the basement membrane is relatively impermeable to larger molecules such as 
ferritin  (tool wt  500,000)  but  allows some passage  of smaller proteins up  to 
about  the  size  of  myeloperoxidase  (mol  wt  160,000)  and  catalase  (mol  wt 
250,000)  (16).  The latter are ultimately restricted at the level of epithelial slit. 
In  aminonucleoside  nephrosis,  the  basement  membrane becomes  permeable 
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to larger  molecules  and  probably  allows  the  passage  of  proteins  of smaller 
molecular  weight  in  larger  quantities.  Leakage  of  smaller  proteins  across 
the epithelium occurs due to a lesion at the level of the epithelial slit and/or 
cell.  Fusion  of foot processes is  a  secondary phenomenon,  since it  has  been 
shown to result from infusions of albumin in the presence of normal basement 
membranes  (17).  Proteins  pass  across  the  epithelium  through  pockets  and 
vacuoles, but close junctions and epithelial reabsorption would tend to diminish 
the amount of larger proteins leaking into tubules. In addition, the permeability 
properties of a  particular protein may well depend also on its shape, charge, 
and other physical properties. 
Finally, epithelial vacuoles--sometimes containing loose flocculent material 
--have  been  described  in  electron  microscopic  studies  (18--20) on  human 
lipoid  nephrosis;  thus  the  mechanism  suggested  for  experimental nephrosis 
may be relevant to the human disease. 
SUMMARY 
Wistar/Furth  rats were made nephrotic by daily administration of amino- 
nucleoside of puromycin,  and  the  ultrastructural  localization  of horseradish 
peroxidase (tool wt 40,000) in the renal glomerulus was studied from 1 rain to 
20  hr  after  intravenous  injection  of  the  tracer.  In  control  rats,  peroxidase 
permeated the endothelial fenestrae, the basement membrane, and the epithelial 
slits, and was present in tubular lumina. Nephrotic glomeruli showed relatively 
normal basement membranes, extensive fusion of foot processes with formation 
of "close" intercellular junctions, and large vacuoles and pockets in epithelial 
cells.  On serial sections some of the epithelial vacuoles communicated on one 
side  with  the  extracellular space overlying basement membrane,  and  on the 
other side with the urinary space. In nephrotic animals, peroxidase permeated 
the basement membrane and the close junctions, and was present in many of the 
vacuoles and pockets as early as 1 rain after injection. Only small numbers of 
peroxidase-positive vacuoles remained in epithelial  cells 1 hr or more after in- 
jection of the tracer. It  is suggested  that  the epithelial  pockets and  vacuoles 
form pathways  across  which  leaking  proteins  can  be  transferred  across  the 
epithelium into the urinary space. Epithelial vacuoles may also be absorption 
droplets  designed  to  "conserve" leaking proteins,  but  this  function was  not 
prominent in our experiments with peroxidase. 
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Fro. 1. Portion of a glomerulus from a nephrotic rat. Note relatively normal base- 
ment membrane, absent epithelial foot processes, and numerous vacuoles (V)  in epi- 
thelial cells (EP). ×  10,000. 
390 FIGS.  2-4.  Seriated  sections across an  epithelial vacuole. The seemingly intracyto- 
plasmic vacuole (V)  in Fig. 2  can be seen to communicate in  Figs. 3  and  4  with the 
extracellular space overlying basement  membrane.  The arrow points to a  close junc- 
tion.  X  22,000. 
391 FIGS. 5-7. Three seriated sections showing opening of an "intracytoplasmic vacu- 
ole" (V) into the extracellular space overlying the basement membrane. ×  20,000. 
392 FlOS. 8 and 9. Two seriated sections illustrating communication o[ "intracytoplas- 
mic" vacuole (V) with the urinary space. This nephrotic animal was sacrificed  1 min 
after injection of peroxidase,  and the tissue was reacted for peroxidase. Note reaction 
product (peroxidase)  in the mesangium (MES) and within the vacuole.  ;< 32,000. 
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FIG.  10.  Section of normal rat glomerulus.  The animal was  sacrificed  1 min after 
injection of peroxidase, and the tissue was reacted for peroxidase. Peroxidase is present 
in  the capillary lumen (L), within endothelial fenestrae,  in  the basement  membrane 
(B), and in the slits between the foot processes of epithelial cells (EP).  ×  23,000. 
FIG.  11.  Nephrotic rat glomerulus  15 min after injection of tracer. Peroxidase can 
be seen in a basal pocket (P)  which communicates with the basement membrane and 
is  separated  from  the  urinary  space  (US)  by  a  close junction  (arrow).  Unstained, 
>( 38,000. 395 Fro.  12.  Nephrotic rat glomerulus  1 min  after injection of peroxidase. Reaction 
product is present along the intercellular space between epithelial cells, except for a 
small focus possibly representing a  "tight junction." Unstained,  X  38,000. 
Fro. 13. A close junction showing peroxidase along its entire length 1 rnin after in- 
jection of tracer in a nephrotic rat.  X  75,000. 
Fro. 14. Nephrotic glomerulus l  min after injection of tracer. Clumps of peroxidase 
are present in apparently intracytoplasmic vacuoles and in vacuoles continuous with 
the  urinary  space.  Two  close  junctions  are  permeated  by  peroxidase.  Unstained, 
X  22,000. 
396 FIG.  15.  Basal pocket  (P)  overlying mesangium (MES) filled  with  peroxidase. 
Mesangial matrix and basement membrane are also stained. Nephrotic rat sacrificed 
1 rain after injection of peroxidase.  X  13,000. 
FIG. 16. Basal pocket (P), intracytoplasmic vacuole (V), and smaller vesicles con- 
taining peroxidase 15 rain after injection of tracer in a nephrotic rat.  X  32,000. 
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FIG. 17. Intracytoplasmic vacuoles (V)  and smaller vesicles containing peroxidase 
15 rain after injection. Unstained.  ×  18,000. 
FIG. 18. Condensed vacuole (V) containing peroxidase in epithelial cells 1 hr after 
injection. Ca  I illary lumen  (L)  and basement membrane  (B)  show little peroxidase. 
×  22,000. 399 